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Nontypeable Hemophilus influenzae (NTHi) is an important human
pathogen in both children and adults. In children, it causes otitis
media, the most common childhood infection and the leading
cause of conductive hearing loss in the United States. In adults, it
causes lower respiratory tract infections in the setting of chronic
obstructive pulmonary disease, the fourth leading cause of death
in the United States. The molecular mechanisms underlying the
pathogenesis of NTHi-induced infections remain undefined, but
they may involve activation of NF-kB, a transcriptional activator of
multiple host defense genes involved in immune and inflammatory
responses. Here, we show that NTHi strongly activates NF-«B in
human epithelial cells via two distinct signaling pathways, NF-«B
translocation-dependent and -independent pathways. The
NF-xB translocation-dependent pathway involves activation of
NF-kB inducing kinase (NIK)-IKKa/B complex leading to IkBa
phosphorylation and degradation, whereas the NF-«B transloca-
tion-independent pathway involves activation of MKK3/6-p38
mitogen-activated protein (MAP) kinase pathway. Bifurcation of
NTHi-induced NIK-IKKa/B-IkBa and MKK3/6-p38 MAP kinase
pathways may occur at transforming growth factor-g activated
kinase 1 (TAK1). Furthermore, we show that toll-like receptor 2
(TLR2) is required for NTHi-induced NF-kB activation. In addition,
several key inflammatory mediators including IL-18, IL-8, and
tumor necrosis factor-a are up-regulated by NTHi. Finally, P6, a
16-kDa lipoprotein highly conserved in the outer membrane of all
NTHi and H. influenzae type b strains, appears to also activate
NF-kB via similar signaling pathways. Taken together, our results
demonstrate that NTHi activates NF-«B via TLR2-TAK1-dependent
NIK-IKKa/B-IkBa and MKK3/6-p38 MAP kinase signaling path-
ways. These studies may bring new insights into molecular patho-
genesis of NTHi-induced infections and open up new therapeutic
targets for these diseases.

he Gram-negative bacterium nontypeable Hemophilus influ-

enzae (NTHi) is an important human pathogen in both
children and adults (1). In children, it causes otitis media, the
most common childhood infection and the leading cause of
conductive hearing loss (2, 3), whereas in adults, it exacerbates
chronic obstructive pulmonary diseases (COPD), the fourth
leading cause of death in the United States (4, 5). Despite the
need for prophylactic measures, development of a vaccine for
preventing NTHi infections has been difficult and still remains
a great challenge (1). Moreover, inappropriate antibiotic treat-
ment contributes to the worldwide emergence of antibiotic-
resistant strains of NTHi. Therefore, development of alternative
therapeutic strategies is urgently needed for the treatment of
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NTHi infections based on understanding the molecular patho-
genesis of NTHi infections.

Although much work has been done on identifying the surface
molecules of NTHi for vaccine development (1, 2), the molecular
mechanisms underlying the pathogenesis of NTHi infections still
remain poorly understood. Like most other Gram-negative
bacterial infections, both otitis media and chronic obstructive
pulmonary diseases are characterized by inflammation, which is
mainly mediated by inflammatory cytokines and chemokines
such as IL-1, IL-8, and tumor necrosis factor-a (6—8). Among
a variety of transcription regulators, NF-kB has been shown to
play a critical role in regulating the expression of large numbers
of genes including cytokines, chemokines, and other mediators
involved in inflammatory responses (9).

NF-«B is a dimeric transcription factor that is composed of
p50 (NF-«kB1) and p65 (RelA) subunits (9). In resting cells,
NF-«B is retained in the cytoplasm but enters the nucleus in
response to various stimuli including bacterial infections. Acti-
vation of NF-«B is controlled by an inhibitory subunit, I«B,
which retains NF-«B in the cytoplasm. The activation of NF-«B
requires sequential phosphorylation, ubiquitination, and degra-
dation of IkB as well as consequent exposure of a nuclear
localization signal on the NF-«kB molecule. Multiple kinases have
been shown to phosphorylate IkB at specific amino-terminal
serine residues (10, 11). The most well studied kinases are I1xB
kinases, IKK« (or IKK-1) and IKK (or IKK-2) (9). There is also
strong evidence that IKK« and IKKp are themselves phosphor-
ylated and activated by one or more upstream activating kinases.
One such upstream kinase, NF-«B inducing kinase (NIK), was
recently identified (9). Phosphorylation of IxkB by the IKK
pathway will eventually lead to the nuclear translocation of
NF-«B, which, in turn, activates expression of target genes in the
nucleus.

Based on the essential involvement of NF-«B in inflammatory
responses, we hypothesized that NTHi induces inflammatory
responses via activation of NF-«B. In the present study, we
performed experiments to determine the involvement of NTHi
in activation of NF-«B in human epithelial cells. Here, we show

Abbreviations: CAPE, caffeic acid phenethyl ester; COPD, chronic obstructive pulmonary
disease; IKK, kB kinase; MAP, mitogen-activated protein; MKK, MAP kinase kinase; NIK,
NF-kB inducing kinase; NTHi, nontypeable H. influenzae; TAK1, transforming growth
factor-g activated kinase 1; TLR2, toll-like receptor 2.

ITo whom reprint requests should be addressed. E-mail: jdli@hei.org.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.151236098



that NTHi indeed strongly activates NF-«B via activation of two
distinct signaling pathways, NIK-IKKa/B-IkBa and MKK3/6-
p38 mitogen-activated protein (MAP) kinase. Toll-like receptor
2 (TLR2)-dependent activation of transforming growth factor-g
activated kinase 1 (TAKI) appears to mediate the activation of
both signaling pathways. Furthermore, P6, a 16-kDa lipoprotein
highly conserved in the outer membrane of all NTHi strains as
well as in H. influenzae type b, which causes meningitis in
children, also activates NF-«kB via similar signaling pathways.
These studies may lead to new therapeutic intervention for
NTHi-induced infections including otitis media and chronic
obstructive pulmonary diseases.

Materials and Methods

Reagents. Caffeic acid phenethyl ester (CAPE), MG-132, and
SB203580 were purchased from Calbiochem.

Bacterial Strains and Culture Conditions. NTHi strain 12, a clinical
isolate, was used in this study. For making NTHi crude extract,
NTHi were harvested from a plate of chocolate agar after
overnight incubation and incubated in 30 ml of brain heart
infusion broth supplemented with nicotinamide adenine dinu-
cleotide (3.5 ug/ml). After overnight incubation, NTHi were
centrifuged at 10,000 X g for 10 min, and the supernatant was
discarded. The resulting pellet of NTHi was suspended in 10 ml
of PBS and sonicated. Subsequently, the lysate was collected and
stored at —70°C. NTHi whole cell lysate was used in all of the
experiments unless otherwise indicated. NTHi outer membrane
protein P6 was purified as described (12).

Cell Culture. Human cervix epithelial cell line HeLa and lung
epithelial cell line A549 (ATCC) were maintained as described
(29). Human middle ear epithelial cell line HMEEC-1, derived
by human papilloma virus immortalization of primary human
middle ear epithelial cells and primary human airway epithelial
cells (Clonetics, San Diego), was maintained in bronchial epi-
thelial basal medium (Clonetics) following manufacturer’s
instruction.

Reverse Transcription-PCR Analysis of TLR2. Total RNA was isolated
from human epithelial cells by using a Qiagen kit (Chatsworth,
CA) following manufacturer’s instruction. For the reverse tran-
scriptase reaction, the Moloney murine leukemia virus pream-
plification system (Life Technologies, Rockville, MD) was used.
PCR amplification was performed with Tag gold polymerase
(Perkin—Elmer) for 32 cycles at 95°C for 60 s, 63°C for 60 s, and
72°C for 60 s (for TLR2) and 32 cycles at 95°C for 60 s, 50°C for
60 s, and 72°C for 60 s (for cyclophilin). The oligonucleotide
primers were as follows: TLR2, 5'-GCCAAAGTCTTGATT-
GATTGG-3' and 5'-TTGAAGTTCTCCAGCTCCTG-3'; cy-
clophilin, 5'-CCGTGTTCTTCGACATTGCC-3' and 5'-
ACACCACATGCTTGCCATCC-3'".

Plasmids, Transfections, and Luciferase Assays. The expression plas-
mids IkBa, IkBa(S32/36A), NIK(K429/430A), fp38a(AF),
fp38B2(AF), MKK3b(A), MKK6b(A), TAKI mt, hTLR2,
hATLR2, IKK«(K44M), and IKKB(K49A) were previously de-
scribed (14-19). The reporter construct NF-«B luc was gener-
ated as described (20). It contains three copies of the NF-«B site
from the IL-2 receptor (a) promoter by using the following
oligonucleotides: 5'-TCGAGACGGCAGGGGAATCTC-
CCTCTCCG-3" and 3'-CTGCCGTCCCCTTAGAGGGA-
GAGGCAGCT-5'. The reporter construct was sequenced to
verify number and orientation of inserted oligonucleotides. All
transient transfections were carried out in triplicate by using
TransIT-LT1 reagent (Panvera, Madison, WI) following manu-
facturer’s instruction, unless otherwise indicated. In all cotrans-
fections with expression plasmids of signaling molecules, an
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Fig. 1. NTHi activates NF-kB in human epithelial cells. (A) NTHi activates
NF-«B-dependent transcriptional activity. Hela cells were transiently trans-
fected with an NF-«B-regulated luciferase reporter construct and stimulated
with NTHi for various times. Luciferase activity was then assessed in NTHi-
treated and untreated cells. (B) CAPE blocks NTHi-induced NF-«B transloca-
tion. (C) CAPE inhibits NTHi-induced NF-«B activation. Values are the means +
SD; n = 3. Similar results were also observed in A549, HMEEC-1, and primary
human airway epithelial cells.

empty vector was used as a control. Transfected cells were
pretreated with or without chemical inhibitors including CAPE,
MG-132, and SB203580 for 1 h. NTHi or P6 was then added to
the transfected cells 42 h after transfection. After 4 h, the cells
were harvested for luciferase assay.

Immunofluorescent Staining. Cells were cultured on four-chamber
microscope slides. After NTHi treatment, the cells were fixed in
paraformaldehyde solution (4%), incubated with mouse anti-p65
NF-«kB mAb for 1 h (Santa Cruz Biotechnology). Primary
antibody was detected with FITC-conjugated goat anti-mouse
IgG (Santa Cruz Biotechnology). Samples were viewed and
photographed by using a Zeiss Axiophot microscope.

Western Blot Analysis. Antibodies against phospho-IkBa (Ser-32),
IkBa, phospho-p38 (Thr-180/182), p38, and phospho-activating
transcription factor-2 were purchased from New England Bio-
labs. Rabbit polyclonal antiserum and a monoclonal antibody
against P6 were developed as described previously (12, 21, 22).
Phosphorylation of IkBea, p38, and activating transcription
factor-2 was detected as described (14-16).

Assay for p38 Kinase Activity. p38 kinase assay was carried out as
described following the manufacturer’s instruction. In brief, cells
treated with or without NTHi were harvested in lysis buffer. The
cell lysates were immunoprecipitated with anti-phospho-p38
MAP antibody (Thr-180/182), and the p38 MAP kinase activity
was measured as described (15, 16).

Results and Discussion

NTHi Strongly Activates NF-«B in Human Epithelial Cells. To deter-
mine whether NTHi activates NF-«B in human epithelial cells,
we first measured NF-«B-dependent promoter activity by using
luciferase reporter plasmid in HeLa cells. After stimulation with
NTHi, the activity of this NF-kB-dependent promoter was
greatly increased in a time-dependent manner (Fig. 14). Because
nuclear translocation is a key step for NF-«B to exert its
transcriptional activity (9), we next sought to explore the pos-
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Fig. 2. NIK-IKKa/B-dependent IkBa phosphorylation and degradation is

involved in NTHi-induced NF-«B translocation and activation. (A) NTHi induces
IkBa phosphorylation and degradation. (B) MG-132, overexpression of wild-
type and a transdominant mutant of IkBa (S32A, S36A), and dominant-
negative mutants of IKKa (K44M), IKKB (K44A), and NIK (K429/430A) inhibit
NTHi-induced NF-«B activation. Values are the means + SD; n = 3.

sibility that NTHi activates NF-«kB by inducing its nuclear
translocation by using CAPE, a chemical inhibitor that is known
to specifically block the translocation of p65 without affecting
IkBa degradation (23). As expected, CAPE treatment markedly
blocked the nuclear translocation of NF-kB induced by NTHi
(Fig. 1B). As shown in Fig. 1C, CAPE indeed abrogated NTHi-
induced NF-«B activation in a dose-dependent manner. A
complete inhibition was observed with 15 ug/ml CAPE. These
results suggest that NTHi activates NF-«B by inducing its nuclear
translocation in HeLa cells. Because NTHi is a major pathogen
of airway and middle ear infections (1-5), we also assayed A549
(human airway epithelial) and HMEEC-1 (human middle ear
epithelial) as well as primary human bronchial epithelial cells.
Interestingly, NTHi-induced NF-«B translocation and activation
was observed in all of these cells (data not shown).

NIK-IKKa/B-Dependent IkBa Phosphorylation and Degradation Is
Involved in NTHi-Induced NF-«B Nuclear Translocation and Activation.
NF-«B is normally present in the cytoplasm in an inactive state
and is bound to members of the I«B inhibitor protein family,
chiefly IkBa. In this complex, IkBa blocks the nuclear localiza-
tion signal, thus preventing nuclear translocation. To translocate
NF-«B into the nucleus, the cytoplasmic NF-«kB:IkBa complex
needs to be disrupted (9). A common pathway to achieve
disruption of this complex is based on specific phosphorylation
of IkBa and the degradation of the phosphorylated IkBa protein
by proteasomes. The inhibition of proteasome activity by specific
inhibitors such as MG-132 prevents the degradation of [kBa and
thus prevents the nuclear translocation of NF-«kB (24). To
determine the involvement of IkBa phosphorylation and deg-
radation in NTHi-induced NF-«B translocation and activation,
we first investigated whether NTHi induces phosphorylation and
degradation of IkBa. Phosphorylation and degradation of IkBa
was determined by Western blot analysis by using antibodies
against phosphorylated and total IxkBa, respectively. Fig. 24
shows phosphorylation and degradation of IkBa in HeLa cells
treated with NTHi for various times. The IkBa phosphorylation
became evident at 15 min, peaked at 30 min, and declined
thereafter. Consistent with this, the NTHi-induced degradation
of IkBa was observed at 30 min and returned to base line level
by 3 h. We next sought to determine the requirement of IkBa
degradation by assessing the effect of proteasome inhibitor
MG-132 on NTHi-induced NF-«B nuclear translocation and
activation. As expected, MG-132 completely blocked NTHi-
induced NF-«B translocation (data not shown). Concomitantly,
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Fig. 3. Activation of MKK3/6-p38 MAP kinase pathway is required for
NTHi-induced NF-«B activation by a NF-«B translocation-independent mech-
anism. (A) NTHi induces p38 MAP kinase phosphorylation. (B) SB203580,
overexpression of dominant-negative mutants of p38a (AF), p38382 (AF),
MKK3b (A), and MKK6b (A) inhibit NTHi-induced NF-«B activation. Values are
the means + SD; n = 3.

the transcriptional activity of NF-«B is also inhibited by MG-132
(Fig. 2B). To further confirm the involvement of IkBa degra-
dation, we transfected the cells with either a wild-type or a
transdominant mutant (S32A, S36A) of IkBa in which two
critical serine residues required for inducer-mediated phosphor-
ylation were mutated (19). As seen in Fig. 2B, overexpression of
both wild-type and mutant IkBa greatly inhibited NTHi-induced
NF-«B activation. These observations implicate the involvement
of IkBa phosphorylation and degradation in NTHi-induced
NF-«B translocation and activation.

Recently, the IkBa kinases IKKa and IKK have been shown
to phosphorylate IxB at specific amino-terminal serine residues
(11). There is strong evidence that IKKa and IKKp are phos-
phorylated and activated by upstream kinase NF-«B inducing
kinase (NIK) (9). On the basis of this recent report, we inves-
tigated the role of the NIK-IKK pathway in NTHi-induced
NF-«B activation. Cotransfection with a dominant-negative mu-
tant form of IKK [IKKB(K44A)] markedly inhibited the NTHi-
induced NF-«B activation, whereas overexpression of a domi-
nant-negative mutant of IKKa [IKKa(K44M)] only showed
partial inhibition (Fig. 2B). Likewise, overexpression of a
dominant-negative mutant form of NIK [NIK(K429/430A)] also
inhibited NTHi-induced NF-«B activation (Fig. 2B). Taken
together, these findings clearly demonstrate that NTHi activates
NF-kB via activation of NIK-IKK«/B-dependent IkBa phos-
phorylation and degradation, which, in turn, leads to NF-«B
nuclear translocation.

Activation of MKK3/6-p38 MAP Kinase Pathway Is Required for
NTHi-Induced NF-«B Activation via an NF-«B Translocation-Indepen-
dent Mechanism. Many cellular stress stimuli can activate both
NF-«kB and p38 MAP kinase modules (25-29). Because of this
overlap, we explored the possibility that activation of p38 is also
involved in NTHi-induced NF-«kB activation. We first investi-
gated whether NTHi activates p38 MAP kinase. Phosphoryla-
tion of p38 MAP kinase was determined by Western blot analysis
by using antiphosphorylated p38 MAP kinase. Fig. 34 shows
phosphorylation of p38 MAP kinase in HeLa cells treated with
NTHi for various times. The highest level of p38 MAP kinase
phosphorylation was observed between 30 and 45 min and
declined thereafter. The NTHi-induced activation of p38 MAP
kinase was further confirmed by performing p38 MAP kinase
assay. Activating transcription factor-2, an immediate down-
stream transcription factor of p38 MAP kinase, was strongly
phosphorylated by p38 MAP kinase (data not shown). These
results indicate that NTHi also strongly activates p38 MAP
kinase in addition to NF-«B. We next sought to determine
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whether activation of p38 MAP kinase is required for NTHi-
induced NF-«kB-dependent transcription. As shown in Fig. 3B,
the pyridinyl imidazole SB203580, a specific inhibitor for p38
MAP kinase, abrogated NF-«B-dependent gene transcription in
response to NTHi (30). Moreover, overexpression of a domi-
nant-negative mutant form of either p38a [fp38a(AF)] or p38B
[fp38B2(AF)] also inhibited NTHi-induced NF-«B-dependent
transcription, confirming the involvement of p38 MAP kinase in
NTHi-induced NF-«B activation (Fig. 3B).

As upstream activators of p38 MAP kinase, two kinases of the
MAP kinase superfamily, MKK3 and MKK®6, have been iden-
tified. It has been demonstrated that MKK6 is a common
activator of p38a and p38B, whereas MKK3 activated only p38«a
(26). To further investigate whether activation of MKK3/6 is
also involved in NTHi-induced NF-kB activation, a dominant-
negative mutant form of either MKK3 [MKK3b(A)] or MKK6
[MKKG6b(A)] was cotransfected into HeLa cells. The NTHi-
induced NF-«B activation was inhibited (Fig. 3B). Collectively,
these data demonstrate that activation of MKK3/6-p38a/B
MAP kinase pathway is also required for NTHi-induced NF-«B
activation.

On the basis of the evidence that nuclear translocation of
NF-«B is a key step in stress induced-NF-«B activation and that
activation of MKK3/6-p38a/B MAP kinase pathway is required
for NTHi-induced NF-«B-dependent transcription, we therefore
investigated the possibility that MKK3/6—p38a/B8 MAP kinase
pathway mediates NTHi-induced NF-«B activation via induction
of NF-«B nuclear translocation. Surprisingly, neither SB203580
nor overexpression of dominant-negative mutant forms of
p38a/B MAP kinases and MKK3/6 blocked NF-«B nuclear
translocation, suggesting that MKK3/6-p38a/B MAP kinase
pathway mediates NTHi-induced NF-«B activation by NF-«B
translocation-independent mechanisms (data not shown). Our
results thus raised the possibility that phosphorylated p38 MAP
kinase might directly interact with NF-«B in the nucleus. To test
this hypothesis, we first investigated whether NTHi induces
nuclear translocation of p38 MAP kinase by using rhodamine
staining of phosphorylated p38 MAP kinase. When cells were
stimulated with NTHi, phosphorylated p38 MAP kinase was
indeed translocated to the nucleus (data not shown). We next
sought to examine the direct interaction between p38 MAP
kinase and NF-«B p65 subunit. Cells were either treated with
NTHi or left untreated; lysates were immunoprecipitated with
antibody against phosphorylated p38 MAP kinase, and the
immunoprecipitated proteins were examined by immunoblot
analysis by using antibody against NF-«kB p65. Interestingly,
NF-«B p65 was not found to be directly associated with phos-
phorylated p38 MAP kinase in the nucleus (data not shown).
Thus, the molecular mechanism linking p38 MAP kinase to
NF-«B activation is likely to involve additional, as yet undefined,
signaling molecules.

Bifurcation of NTHi-Induced NIK-IKKa/B-1kBa and MKK3/6-p38
MAP Kinase Signaling Pathways Occurs at TAK1. Having identified
two independent NIK-IKKa/B-IkBa and MKK3/6-p38
MAP kinase signaling pathways involved in NTHi-induced
NF-«B activation, still unknown is which signaling molecule
acts upstream of both signaling pathways in NTHi-induced
NF-«kB activation. Despite extensive analysis of both NIK-
IKK«a/B-IkBa and MKK3/6-p38 MAP kinase signal trans-
duction pathways, the signaling events upstream of both
pathways still remain poorly understood. We took advantage
of a recent report that TAK1, a member of the MAP 3-kinase
family, can activate both the NIK-IKKa/B-1kBa and the MAP
kinase cascade in the IL-1 signaling pathway and therefore
investigated whether TAKI is also involved in NTHi-induced
NF-«B activation via similar signaling pathways (18). As shown
in Fig. 44, overexpression of a dominant-negative mutant of
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Fig. 4. Bifurcation of NTHi-induced NIK-IKKa/B-1kBa and MKK3/6-p38
MAP kinase signaling pathways occurs at TAK1. (A) Overexpression of a
dominant-negative mutant of TAK1 (K63W) abrogates NTHi-induced NF-«B
activation. (B) Overexpression of a dominant-negative mutant of TAK1
(K63W) inhibits NTHi-induced phosphorylation of both IkBa and p38 MAP
kinase.

TAK1 (TAKI mt, K63W) inhibited NTHi-induced NF-«B
activation in a dose-dependent manner. We next sought to
determine whether TAKI1 acts upstream of both signaling
pathways. Indeed, cotransfecting cells with the same domi-
nant-negative TAK1 mutant also inhibited NTHi-induced
phosphorylation of both IkBa and p38 MAP kinase (Fig. 4B).
We conclude from these data that bifurcation of NTHi-
induced NIK-IKK«a/B-1kBa and MKK3/6-p38 MAP kinase
signaling pathways occurs at TAKI.

Toll-Like Receptor 2 Is Involved in NTHi-Induced NF-«B Activation.
One key issue that has yet to be addressed is which cell surface
receptor(s) is involved in transmitting signals from cell surface
to the cytoplasm in NTHi-induced NF-«B activation. In review
of the host surface receptors involved in bacterial pathogenesis,
human toll-like receptors (TLRs) have been suggested to play a
critical role in the recognition of various bacterial components,
such as lipoprotein, peptidoglycan, lipoteichoic acid, and lipo-
polysaccharide (31-33). Toll-like receptors are mammalian ho-
mologues of the Drosophila toll receptor protein (34). The
Drosophila protein Toll was first described as being important for
the establishment of dorsoventral polarity in the developing
embryo, but in adults Toll is involved in antifungal defenses.
Another Drosophila member, 18-Wheeler (18-W), participates in
antibacterial responses. Recently, mammalian homologues of
Toll have been cloned and designated TLRs. To date, at least
nine mammalian TLRs have been described, but only TLR2 and
TLR4 have any known function (31-33). Based on the evidence
that TLR2 has been implicated in cellular responses to bacterial
products and also has engaged in signaling pathways leading to
NF-«kB activation, we hypothesized that TLR2 is involved in
NTHi-induced NF-«B activation (17, 35, 36). We first analyzed
the expression of TLR2 in human epithelial cells including
HeLa, HMEEC-1, and primary human airway epithelial cells by
reverse transcription-PCR. TLR2 appears to be expressed in all
three epithelial cells (data not shown). We next sought to
determine whether TLR2 is involved in NTHi-induced NF-«B
activation. As shown in Fig. 5, cotransfection of HeLa cells with
a dominant-negative mutant of TLR2 reduced NTHi-induced
NF-kB activation by ~70-80%. Consistent with this finding,
overexpression of wild-type TLR2 enhanced NTHi-induced
NF-«B activation by ~2 to 3-fold. These results suggest that
TLR?2 is involved in NTHi-induced NF-«kB activation in HeLa
cells, although our data do not preclude the involvement of other
TLRs.
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Fig. 5. Toll-like receptor 2 is involved in NTHi-induced NF-«B activation.
Cotransfection of HeLa cells with adominant-negative mutant of TLR2 inhibits
NTHi-induced NF-«B activation, whereas overexpression of a wild-type TLR2
enhances NF-«B activation. Values are the means + SD; n = 3.

P6, a Major Outer Membrane Protein in NTHi, also Induces NF-xB
Activation via the Same TLR2-TAK1-Dependent NIK-IKKa/B-1xBa and
MKK3/6-p38 MAP Kinase Signaling Pathways. In our studies, whole
cell crude extract from sonicated NTHi was used in all of the
experiments described above. One unresolved question is which
components of NTHi are responsible for the activation of
NF-kB. Because our data showed that TLR2 is involved in
NTHi-induced NF-«B activation and the best-known ligand for
TLR?2 is bacterial lipoprotein, it is therefore reasonable to first
determine whether NTHi lipoproteins are involved in NF-«B
activation (31-33, 35, 36). Among the known NTHi lipoproteins,
P6, a 16-kDa outer membrane protein, has been shown to be an
important lipoprotein highly conserved on the surface of all
strains of NTHi and H. influenzae type b (1, 12, 13). We first
performed Western blot analysis by using a monoclonal antibody
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Fig.6. P6 also induces NF-«B activation via the same TLR2-TAK1-dependent

NIK-IKKa/B-1kBa and MKK3/6-p38 MAP kinase signaling pathways. (A) P6,
but not LOS and HMW, induces NF-«B activation. Hela cells were stimulated
with either NTHi or polymyxin B-pretreated NTHi, or HMW (1.0 pg/ml) or P6
(0.005-0.5 pg/ml). PB, polymyxin B. (B) Inhibition of NIK-IKKa/B-1kBa signal-
ing pathway blocks P6-induced NF-«B activation. (C) Inhibition of MKK3/6-
p38 MAP kinase pathway abrogates P6-induced NF-«B activation. (D) Over-
expression of a dominant-negative mutant of either TAK1 or TLR2 inhibits
P6-induced NF-«B activation, whereas overexpression of a wild type of TLR2
enhances P6-induced NF-«B activation. Values are the means + SD; n = 3.
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Fig. 7. Schematic representation of NTHi-induced signal transduction path-
ways involved in NF-«B activation in human epithelial cells.

against NTHi P6 to assure that P6 is present in the NTHi crude
extract used in our study. As expected, P6 was indeed found in
NTHi crude extract (data not shown). To determine whether P6
induces NF-kB activation, we next measured NF-«B-dependent
promoter activity by using luciferase reporter in HeLa cells. On
stimulation with purified P6 protein, the NF-«B-dependent
transcription greatly increased in a dose-dependent manner (Fig.
64). The NF-«B activation induced by P6 (0.25 ug/ml) is
~45-50% of the response induced by NTHi. In contrast to the
potent NF-«kB inducing activity of P6, the high molecular weight
proteins (HMW1 and HMW?2) that represent another important
group of NTHi outer membrane proteins did not induce NF-«B
activation (13). Thus, our results provided evidence that NTHi
lipoprotein P6 may be, at least in part, responsible for NTHi-
induced NF-«kB activation. As lipooligosaccharide (LOS) has
been shown to play an important role in inflammatory response
and the NTHi crude extract used in our studies does contain
LOS, we performed additional experiments to determine the
role of LOS in NTHi-induced NF-«B activation. Interestingly,
removal of LOS from NTHi crude extract by using polymyxin B
did not attenuate NTHi-induced NF-«B activation (Fig. 6A4).
We next sought to determine whether P6 activates NF-«B via
the same TLR2-TAKI-dependent NIK-IKKa/B-IkBa and
MKK3/6-p38 MAP kinase signaling pathways. We first exam-
ined the involvement of the NIK-IKKa/B-IkBa pathway by
using CAPE, the specific inhibitor for NF-«B translocation, and
MG-132, the specific inhibitor for IkBa degradation, or by
cotransfecting the cells with a transdominant mutant of IkBa or
a dominant-negative mutant of IKKe, or IKKB or NIK, respec-
tively. As shown in Fig. 6B, P6-induced NF-«B activation was
inhibited by all of the treatments. Similarly, P6-induced NF-«xB
activation was also inhibited either by SB203580, a specific
inhibitor for p38 MAP kinase, or by overexpressing a dominant-
mutant of p38 MAP kinase @ and B, or MKK3/6 (Fig. 6C).
Moreover, cotransfecting the cells with a dominant-negative
mutant of either TLR2 or TAKI inhibited P6-induced NF-«xB
activation (Fig. 6D). Concomitantly, overexpression of wild-type
TLR2 greatly enhanced P6-induced NF-«B activation. Together,
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our data suggest that NTHi lipoprotein P6 activates NF-«kB also
via TLR2-TAKI1-dependent NIK-IKKa/B-IkBa and MKK3/
6-p38 MAP kinase signaling pathways, providing additional
evidence for the involvement of P6 in NTHi-induced NF-«B
activation.

In conclusion, our studies demonstrate that NTHi, a major
human pathogen of otitis media and COPD, strongly activates
NF-«B in human epithelial cells (Fig. 7). NTHi-induced NF-«B
activation is mediated by two distinct signaling pathways, NF-«xB
translocation-dependent and -independent pathways. The
NF-«B translocation-dependent pathway involves NIK-IKKea/
B-dependent phosphorylation and degradation of IkBa, whereas
the NF-«B translocation-independent pathway involves activa-
tion of MKK3/6—p38 MAP kinase pathway. No direct physical
interaction was found between phosphorylated p38 MAP kinase
and NF-«B p65, although nuclear translocation of phosphory-
lated p38 MAP kinase was indeed observed, suggesting the
involvement of additional, as yet undefined, intermediate sig-
naling events. Overexpression of a dominant-negative mutant of
TAKI1 blocked not only the NTHi-induced NF-«kB activation but
also the phosphorylation of both p38 MAP kinase and IkBe,
indicating that bifurcation of NTHi-induced NIK-IKKa/B-
IkBa and MKK3/6-p38 MAP kinase signaling pathways occurs
at TAKI. Moreover, transfecting the cells with a dominant-
negative mutant of TLR2 abolished the NTHi-induced NF-«B
activation, whereas overexpressing a wild-type TLR2 enhanced
NTHi-induced NF-«B activation, providing direct evidence for
the involvement of TLR2 in NTHi-induced NF-«B activation.
Finally, P6, a 16-kDa outer membrane lipoprotein highly con-
served in all NTHi and H. influenzae type b strains, may be
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partially responsible for NTHi-induced NF-«B activation. It
should be noted that NTHi-induced NF-«B activation indeed
leads to up-regulation of a variety of key inflammatory media-
tors including cytokines IL-1B3 and tumor necrosis factor-a as
well as chemokine IL-8 (data not shown).

Our results may have several important implications. First,
understanding the signaling mechanisms involved in NTHi-
induced NF-«B activation may bring new insights into the
molecular pathogenesis of NTHi infections because the molec-
ular mechanisms by which NTHi causes otitis media and COPD
have remained largely unknown (1, 3—6, 37). Second, our finding
that Gram-negative bacterium NTHi uses host TLR2 for trans-
mitting signals across a cell membrane should enhance our
understanding of bacteria-induced receptor signaling mecha-
nisms in epithelial cells because TLR2 has been shown previ-
ously to mediate mainly the host response to Gram-positive
bacteria, and little is known about TLR signaling in epithelial
cells (20). Finally, our findings may lead to the development of
novel therapeutic strategies for NTHi infections including otitis
media and COPD (38, 39). In our studies, we have identified
TLR2-TAKI1-dependent NIK-IKKa/B-IkBa and MKK3/6-
p38 MAP kinase signaling pathways to be involved in NTHi-
induced NF-«B activation. Possibly of major interest will be the
experimental evidence for the involvement of outer membrane
protein P6 and TLR2 because of their major, if not exclusive,
involvement in the pathogenesis of diseases (1, 5, 31-33).
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